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selected genes at postembryonic stages. We have used
these new techniques to investigate the molecular
mechanisms of axial regeneration.Summary
We show that regeneration of tails does not, as pre-
viously thought, occur at all stages of development.The tail of the frog tadpole, comprising spinal cord,
While the embryonic tail is able to regenerate all themuscle, and notochord, regenerates following partial
axial tissues (muscle, spinal cord, and notochord), re-amputation. We show that, in Xenopus, this occurs
generative ability is consistently lost between stages 45throughout development, except for a “refractory pe-
and 47 (4–6 days of development) and is regained afterriod” between stages 45 and 47, when tails heal over
stage 48. The presence of this refractory period haswithout regeneration. Regeneration can be enabled
allowed us to study for the first time, to our knowledge,during this refractory period by activation of either
the mechanism of acquisition of axial regenerative abilitythe BMP or Notch signaling pathways. Conversely,
in a vertebrate. We find that the ability to regenerate aregeneration can be prevented during the later, regen-
tail correlates with reexpression of genes that are in-erative, stages by inhibition of either pathway. BMP
volved in the BMP and Notch signaling cascades, thesignaling will cause regeneration of all tissues, whereas
same pathways that drive embryonic tail developmentNotch signaling activates regeneration of spinal cord
(Beck and Slack, 1999; Beck et al., 2001). Using an in-and notochord, but not muscle. An activated form of
ducible transgenic system, we demonstrate that reacti-Msx1 can promote regeneration in the same way as
vation of these developmental pathways is necessary forBMP signaling. Epistasis experiments suggest that BMP
regeneration. Furthermore, activation of these pathwayssignaling is upstream of Notch signaling but exerts an
during the refractory stage is sufficient to drive regener-independent effect on muscle regeneration. The re-
ation, resulting in replacement of lost tissues. We havesults demonstrate that regenerative capability can be
therefore begun to unravel the mechanisms that driveenabled by genetic modifications that reactivate spe-
epimorphic regeneration in the Xenopus tail. Whethercific components of the developmental program.
activation of the same pathways could be used to
achieve regeneration of differentiated axial tissues in
Introduction higher vertebrates will be an interesting question for the
future.
Epimorphic regeneration is defined as the regrowth of
amputated structures from an anatomically complex Results
stump (Goss, 1991). While thought to be a latent property
of all vertebrates, it occurs rarely in adults, and has been Analysis of Stage-Specific Regeneration
most extensively studied in urodele amphibians, which Competence in Xenopus Tadpoles
can regenerate limbs and tails as adults (reviewed in While Xenopus tadpoles can regenerate their tails up to
Brockes, 1997). Anuran tadpoles can also regenerate metamorphosis, the embryonic tail bud cannot regener-
their tails, including spinal cord, notochord, and myo- ate (Tucker and Slack, 1995), and removal of even a
tomes, up until metamorphosis (Bosco, 1979; Filoni et small part of the tail bud causes a defect in the final tail.
al., 1977). This involves mobilization of cells from the Because of this discordance between embryonic and
tissues of the stump to form a regenerating bud, growth tadpole behavior, we investigated the ability of tadpoles
of this bud, and redifferentiation of the various tissue to regenerate tails during the period from 3 to 7 days
types to produce a near perfect replacement of the origi- old (stages 42–48). Tadpoles from 11 spawnings from
nal. While it is often suggested that anurans only regen- females acquired from two different sources were sub-
erate a simple, ependymal tube, lacking nerve fibers, jected to 50% tail amputation at stages 42, 46/47, and
neurons, and ganglion cells (Goss, 1969; Piatt, 1955), 48. In all cases, regeneration was significantly reduced
in actual fact, the only defect in regenerated tails of in stage 46/47 tadpoles compared to stage 42 or 48
Xenopus, Rana, or Discoglossus tadpoles is the failure (Figures 1A–1C). When all the data were pooled and
of the spinal ganglia to reform (Filoni and Bosco, 1981). standard errors were calculated, 68% of stage 42 tails
Study of urodeles has provided much information regenerated (6%, N  299) compared to 7% of stage
about gene expression during appendage regeneration 46/47 tails (2%, N  392) and 67% of stage 48 tails
(reviewed in Gardiner et al., 1999), but the molecular (8%, N  270). Regeneration capability increases to
near 100% in stage 49 and later tadpoles, and is then
maintained until loss of the tail at metamorphic climax.*Correspondence: j.m.w.slack@bath.ac.uk
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Figure 1. Axial Regenerative Ability in Xenopus laevis Tadpoles Is Lost at Stage 45/47 and Regained at Stage 48 and Later
White arrowheads show the level of tail amputation where appropriate.
(A–C) Tadpoles were subjected to removal of 50% of the postanal tail at different stages of development and allowed to recover for 7 days.
Stage 42 (A), stage 47 (B), and stage 48 (C).
(D) Tadpoles subjected to 50% tail removal at stage 46 do not regenerate a tail, but develop normally, and the remaining stump is resorbed
normally during metamorphosis. Left to right: stage 58; stage 63; stage 66.
(E and F) Tadpole tails amputated at stage 46 (E) will regenerate if they are cut again after stage 48 (F).
(G–P) Tail stumps partially cleared in glycerol and viewed under Nomarski optics.
(G–K) Regeneration process in stage 49 tadpoles. Wound epidermis is indicated by black arrows.
(G) Stage 49 tail fixed immediately after amputation.
(H) After 24 hr, the wound epithelium has formed and blastemal cells are appearing.
(I) Within 48 hr, blastemal cells have migrated into the center of the lesion and are proliferating (“cone” stage).
(J) After 3 days, the proximal blastemal cells are beginning to redifferentiate into the constituent tissues of the tail.
(K) By 4–5 days, new notochord, spinal cord, fin, and presomitic mesoderm have formed and melanocytes (black pigment cells) are migrating
into the new tail.
(L–P) In contrast, tails cut at stage 47 do not regenerate or form a blastema, and the cut surface becomes covered with a skin-like epithelium
(white arrows).
(L) By 24 hr postamputation, a skin-like epithelium has formed over the cut surface of the tail stump (white arrows). The tissue behind this
epithelium does not form a blastema.
(M–P) The wound area does not alter over time, and there is no regeneration of tail tissues.
(M–P) After 48 hr (M), 3 days (N), 4 days (O), and 7 days (P) postamputation. All tail stumps are lateral views oriented anterior to the left, and
dorsal uppermost. b, regeneration bud; f, fin; n, notochord; s, spinal cord.
When nonregenerating cases were kept, they devel- proximal to the stump after stage 48, normal regenera-
tion did take place, resulting in the formation of a com-oped normally to later stages and would even undergo
metamorphosis to froglets, but did not regenerate the plete new tail (10/10 cases; Figure 1F). Xenopus tadpoles
therefore exhibit stage-dependent regenerating andtail (Figures 1D and 1E) except in rare cases, possibly
resulting from damage to the stump (1/11 cases). How- nonregenerating capability of tails as well as limbs (Dent,
1962; Muneoka et al., 1986; Overton, 1963). In the limbs,ever, if the tail of such cases was reamputated just
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regeneration ability is lost in later stages, coincident nor are they expressed in the nonregenerating tails am-
putated during the refractory period.with the onset of ossification of the limb skeleton (Wolfe
et al., 2000).
We used Nomarski optics to examine the regenerating Activating BMP or Notch Signaling Stimulates
and nonregenerating tail stumps over 4 days (Figures Nonregenerating Tails to Regenerate
1G–1P). In regenerating tadpole tails, a wound epithe- To investigate whether reactivation of developmental
lium forms rapidly, covering the wound after 6–12 hr, and pathways is sufficient to stimulate the regeneration pro-
within 24 hr undifferentiated cells appear immediately gram, we used a transgenic approach. Because interfer-
ence with developmental pathways active during em-beneath this epithelium (Figure 1H). In 48 hr, a cone-
bryogenesis is likely to prevent generation of viableshaped bud forms (Figure 1I), and over the next 2 days,
tadpoles for study, we utilized the normally silent Xeno-it expands rapidly, and the proximal tissues begin to
pus heat shock promoter HSP70 (Bienz, 1984) previouslydifferentiate into the spinal cord, notochord, myotomes,
used by others (Marsh-Armstrong et al., 1999; Wheelerand fin of the regenerated tail (Figures 1J and 1K). (De-
et al., 2000) as an inducible transgene system in Xeno-tailed anatomical study of the regenerating bud will be
pus. We have further validated this system by creatingreported separately; C. Gargioli and J.M.W.S., unpub-
transgenic tadpoles in which the HSP70 promoter driveslished data). The situation in the nonregenerating tad-
either a myc-tagged protein or GFP expression (Figurepole tails was very different. Healing of the wound was
3). Under normal culture conditions, neither transgeneobserved to take place more slowly. By 24 hr after ampu-
product was detected (Figures 3A and 3C). However,tation, a thick skin-like epithelium has formed over the
several hours following a 30 min heat shock at 34C,cut surface, and no accumulation of dedifferentiated
expression is clearly evident (Figures 3B and 3D). Thistissue is seen (Figure 1L). These tail stumps never form
confirms that the HSP70 promoter is not significantlya regenerating bud and there is no tissue regeneration
leaky at 25C and will generate strong and ubiquitous(Figures 1M–1P). We conclude that there is a switch
expression following heat shock at 34C.between two types of response to tail amputation. Am-
Transgenic F0 animals were generated, which carryputation during the refractory period results in slow heal-
integrated double transgenes comprising active formsing, with formation of a full thickness epidermis over the
of either the BMP or Notch receptor under the control ofwound surface. No undifferentiated cells are seen to
the HSP70 promoter, along with a marker that expressesaccumulate beneath this epidermis. In contrast, ampu-
GFP under the control of the -crystallin promoter (Fig-tation at stage 49 results in much faster healing and
ure 3G). Transgenics, which are identified by virtue offormation of a specialized wound epidermis, followed
GFP expression in the lens of the eye, should thereforeby mobilization of cells from the stump, bud formation,
also carry the inducible transgene. When subjected toand replacement of lost tissues.
heat shock, these tadpoles will activate the pathway of
interest in all cells, including those at the site of the
lesioned tail. In order to validate this system functionally,Genes with Roles in Tail Development Are
transgenic animals carrying the Noggin transgene were
Reexpressed in Regenerating Tails
subjected to heat shock at stage 14. Transgenics exhib-
It has long been postulated that epimorphic regenera-
ited several defects consistent with inhibiting BMP sig-
tion, via the formation of a growing bud, recapitulates
naling postgastrulation, such as lack of a heart and tail
development (Stocum, 1984). By contrast with our rela- bud-derived somites, reduced eye size, and an abnor-
tive ignorance of the mechanisms of regeneration, the mal gut compared to nontransgenics (Figures 3E and 3F).
genetic pathways involved in tail development are quite The transgenic procedure of Amaya and Kroll (1999)
well understood, with the BMP and Notch pathways generates a mixture of transgenic and nontransgenic F0
being required for formation of the tail bud-derived so- embryos. Nontransgenic tadpoles were used as controls
mites and neural tube, respectively (Beck and Slack, for each experiment (designated WT controls), eliminat-
1999, 2002; Beck et al., 2001). We have now analyzed ing the possibility that the transgenic procedure itself
the expression of several key tail development genes in can influence regenerative ability. To investigate the ef-
regenerating and nonregenerating tail stumps (Figure fect of reactivating embryonic gene expression on re-
2). We find that genes expressed in the tail bud during generative capacity during the refractory period, tad-
early developmental stages are almost always reex- poles were heat-shocked 3–4 hr before extirpation of
pressed in regenerating tails, but not in nonregenerating the posterior 50% of the tail at stage 46. A further heat
tails. The reexpression of developmental genes is not shock was administered each day for 3–4 days following
an immediate-early response to wounding, and seems amputation. After 7 days, the extent of regeneration was
to require prior formation of a regeneration bud. Genes scored and the results are shown in Table 1A and Figure
involved in the Notch (Notch-1, X-delta-1, and Lfng) and 4. While very few control tadpoles regenerated a tail
BMP (BMP4, Msx 1, and 2) signaling pathways are all (Figure 4A), tadpoles carrying either the active Notch or
reexpressed in the regeneration bud, within 24 hr of tail BMP pathway transgenes regenerated in most cases
amputation, as is the T box transcription factor Xbra. (Figures 4B–4D).
All the genes shown except Lfng, which is upregulated Expression of the constitutively active BMP receptor
from a basal low level during regeneration, have expres- Alk3 frequently resulted in the formation of faithful re-
sion specific to the regeneration bud, and are not nor- generates (90% of cases; Figure 4B), perfectly aligned
with the stump tissues and containing muscle, spinalmally expressed in the tail at the level of amputation,
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Figure 2. Analysis of Developmental Gene Expression in Nonregenerating and Regenerating Tail Tissues
In situ hybridization of genes involved in tail development.
(A, E, I, M, Q, and U) Stage 30 embryos.
(B, F, J, N, R, and V) Nonregenerating tail stumps, 50% amputated at stage 47 and fixed 3 days afterward.
(C, G, K, O, S, and W) Stage 49 tail stumps, 50% amputated and fixed immediately.
(D, H, L, P, T, and X) Regenerating tail stumps, 50% amputated at stage 49 and fixed 3 days later. Amputation level is shown by the black line.
(A–D) Xbra is expressed in the developing tail bud (yellow arrow) and reexpressed in the tip of regenerating tails (white arrow).
(E–H) X-delta-1 is expressed in the posterior wall of the tail bud (yellow arrow) and fin and is reexpressed in the fin and bud region (white
arrow) of regenerating tails.
(I–L) lfng is expressed in the dorsal tail bud (yellow arrow) and is expressed weakly at the cut surface of the spinal cord in nonregenerating
tail stumps and more strongly in dorsal components of the regenerating tail (white arrows).
(M–P) X-Notch-1 is expressed in somites, fin margin, and throughout the developing tail bud (yellow arrow) and is reexpressed in the blastema
(white arrow), presomitic mesoderm, and fin margin.
(Q–T) Msx2 is expressed in the tail bud leading edge (yellow arrow) and reexpressed throughout the blastema (white arrow) and fin margin.
(U–X) Msx1 is expressed in the dorsal tail bud (yellow arrow) and reexpressed dorsally in the regenerating blastema (white arrow). All are
lateral views, oriented with anterior to the left.
cord, notochord, and fin (Figures 4I–4K and 4O). Expres- was around 50% following heat shocks, whereas with
the other transgenes used in this study, mortality wassion of the constitutively active Notch intracellular do-
main (NICD) during early regeneration results in the for- no different from wild-type siblings.
mation of imperfect regenerates often growing at an
angle to the stump axis (73% of cases; Figure 4C). On
closer examination, these regenerates were found to A Hyperactivated Form of Msx1 Can Induce
Tail Regenerationcontain notochord and spinal cord, but muscle cells
were either very few in number or totally absent (Figures The BMP signaling pathway activates several known
downstream targets, one of which is the homeobox tran-4L, 4M, and 4P). As such, NICD regenerates scored
only 5 points (see Experimental Procedures) for partial scription factor Msx1. Expression of Msx1 is directly
activated by BMP signaling (Suzuki et al., 1997), andregeneration (Table 1A). Mortality rate for this transgene
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Figure 3. Properties of the Type of Con-
structs Used in This Study
(A and B) Embryos transgenic for a myc-
tagged protein under the control of the
HSP70 promoter were either heat-shocked at
stage 14 (B) or not (A), and the expression
was visualized by immunostaining (dark
blue).
(C and D) Tadpoles transgenic for GFP under
the control of the HSP70 promoter were heat-
shocked (D) or not (C), and expression was
viewed by fluorescence.
(E and F) Embryos heat-shocked at stage 14
develop normally in the absence of the
HSP70-Noggin-Crys-GFP transgene,
whereas their transgenic siblings develop
multiple defects consistent with BMP inhibi-
tion. Note the GFP expression in the lenses
of the eyes in transgenics.
(G) Transgene constructs used in this study.
Msx1 can induce the dedifferentiation of mouse myo- Tail Regeneration Can Be Blocked by Preventing
Activation of the BMP or Notch Signaling Pathwaystubes in culture from quiescent multinucleate cells to
mononucleate, proliferating cells (Odelberg et al., 2000). The above results show that activation of BMP or Notch
signaling is sufficient to promote regeneration in theOur results show that Msx1 is actively transcribed in
regenerating but not nonregenerating tails (Figures 2V early Xenopus tadpole tail during its refractory stages.
In order to show that activation of the BMP pathwayand 2X). Furthermore, we find that Msx1 is reexpressed
in Alk3 transgenics operated during the refractory period is necessary for normal regeneration to occur in later
stages, we generated transgenic tadpoles carrying in-(Figure 4F). Msx1 is not reexpressed in WT controls
or in the NICD transgenics, which form hypomorphic hibitory transgenes, expressing either the dominant-
negative BMP receptor tBr (Suzuki et al., 1994) or theregenerates lacking myotomes (Figures 4G and 4H).
Msx1 is a transcriptional repressor, and replacement BMP antagonist noggin (Smith and Harland, 1992) under
the control of the HSP70 promoter, again on the sameof the repression domain of the Xenopus protein with the
potent repression domain from Drosophila evenskipped construct with the -crystallin-GFP reporter (Figure 3G).
Tadpoles were left to develop to stages 50–52, alongcreates a hyperactive form of the protein, eveMsx1 (Ya-
mamoto et al., 2000). In order to find out whether this with their nontransgenic siblings, and both groups were
subjected to heat shock 3 hr before removal of the pos-reagent can mediate all effects of BMP signaling on
regeneration, we made transgenic tadpoles expressing terior 50% of the tail. In order to maintain transgene
activity, a further heat shock was given every day duringeveMsx1 under the HSP70 promoter. These develop nor-
mally at 25C, but following heat shock, the tails of stage the next 6 days before scoring on day 7, and results are
shown in Figure 5 and Table 1B. Among the nontrans-47 tadpoles, which would not normally regenerate fol-
lowing amputation, regenerate a well-patterned tail in- genic group, the vast majority regenerated a full tail
within 7 days (Figure 5A). Around 50% of the transgenicscluding myotomes, spinal cord, and notochord (83%;
see Figure 4D; Table 1A). Activating Msx1 can therefore failed to initiate regeneration (Figures 5B and 5C),
whereas the rest regenerated anything from a smallsubstitute for activating the BMP pathway in tail regen-
eration, suggesting that it functions as a key component spike to a full tail (Table 1B). Although the percentage
regenerating is reduced to only about half that of control,of the regeneration mechanism. As a control, transgenic
tadpoles containing a truncated version of Msx1 lacking the size and quality of the regenerates was markedly
reduced as indicated by the reduction in the regenera-the N-terminal repression domain were tested for stimu-
lation of regeneration in response to heat shock. These tion score (see Experimental Procedures) by 60%–70%.
The results were similar for tBr, which is a cell surfacedid not regenerate any tissue following amputation of
the tail at stage 47 (0%; see Figure 4E; Table 1A). receptor and should therefore be cell autonomous, and
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Table 1. Effect of Enhancers and Inhibitors of BMP and Notch Signaling on Tail Regeneration
A
Regeneration
Transgene
% of Cases Mean Regeneration
None Partial Total N Regenerating Score (of 10) 2 p Value
HSP70-Alk3-Crys-GFP 3 18 11 32 90 6.3 35.6 0.001
WT control 46 14 3 63 27 1.6
HSP70-eveMsx1-Crys-GFP 4 10 9 23 83 7.3 28.3 0.001
WT control 36 5 2 43 16 1.0
HSP70-NMsx1-Crys-GFP 28 0 0 28 0 0
WT control 53 0 0 53 0 0
HSP70-NICD-Crys-GFP 14 37 0 51 73 3.6 44.9 0.001
WT control 39 0 0 39 0 0
B
Regeneration
Transgene/Treatment
% of Cases Mean Regeneration
None Partial Total N Regenerating Score (of 10) 2 p Value
HSP70-Noggin-Crys-GFP 10 9 2 21 52 3.1 50 0.001
WT control 1 0 41 42 98 9.8
HSP70-Noggin-Crys-GFP F1 22 0 0 22 0 0
WT control F1 0 0 15 15 100 10
HSP70-tBR-Crys-GFP 13 15 4 32 59 3.6 33.8 0.001
WT control 0 1 19 30 95 9.8
10 M MG132 39 3 4 46 15 1.2 78.8 0.001
DMSO control 1 1 43 45 96 9.6
C
Regeneration
HSP70-Alk3- MG132 % of Cases Mean Regeneration
Crys-GFP 10 M None Partial Total N Regenerating Score (of 10) 2 p Value
	 
 20 14 24 58 66 5.3

 
 73 16 9 97 25 1.6
	 	 29 11 6 46 35 2.5 0.4 p  0.1

 	 41 14 6 61 32 2.1
D
Regeneration
Transgenes
% of Cases Mean Regeneration
None Partial Total N Regenerating Score (of 10) 2 p Value
HSP70-tBr-Crys-RFP 	 1 3 1 5 80 5 13.4 0.001
HSP70-NICD-Crys-GFP
WT controls 14 0 0 14 100 10
(A) Induction of regeneration during refractory period.
(B) Inhibition of regeneration in older tadpoles.
(C) Epistasis: effect of blocking Notch signaling on BMP-induced regeneration during the refractory period.
(D) Epistasis: effect of induced Notch activity on regeneration in older tadpoles with blocked BMP signaling.
for noggin, which is a secreted factor and is likely to expression between individuals can be very variable.
We were interested to know whether the incompletenessact nonautonomously.
Notch signaling during regeneration was inhibited us- of the inhibition seen with BMP-inhibiting transgenes
resulted from this variability. In order to test this, an F1ing the cell-permeable protease inhibitor MG132, which
blocks the -secretase proteolysis required for genera- generation was produced by outcrossing an 8-month-
old male transgenic frog harboring a single insertion sitetion of the Notch intracellular domain (NICD; De Strooper
et al., 1999). We have shown previously that this com- of the HSP70-Noggin-Crys-GFP transgene. As ex-
pected, around 50% of the F1 individuals inherited thepound inhibits the neurogenic and tail-forming roles of
Notch in Xenopus embryos (Beck and Slack, 2002). transgene, as seen by the presence of green fluorescent
eyes. These tadpoles developed normally relative toMG132 blocks tail regeneration very effectively without
affecting the overall growth of the tadpole (Table 1B; their nontransgenic siblings and regenerated tails fol-
lowing amputation. However, when subjected to dailyFigure 5D).
heat shocks, 22/22 failed to regenerate their tails (Table
1B; Figure 5E). No Msx1 expression was seen in the tailSite of Transgene Insertion Influences
Regeneration Phenotype in F0 Animals stump after 2 days of regeneration (Figure 5F). Wild-type
siblings all regenerated a tail (Figure 5G) and expressedIn F0 transgenics, every individual has a different inser-
tion site and copy number, so the level of transgene Msx1 in the distal portion of the regenerate (Figure 5H).
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The high reproducibility of this experiment suggests that
much, if not all, of the variation seen in the F0 experi-
ments is due to position and arrangement of the trans-
gene within the genome.
Notch Acts Downstream of BMP Signaling
during Tail Regeneration
We have shown that either Notch or BMP pathways can
initiate tail regeneration at early stages, and inhibition
of either pathway can inhibit regeneration at later stages.
The two systems may form part of a linear pathway,
or act independently in parallel. If they act in a linear
pathway, BMP is likely to be epistatic to Notch, because
it causes regeneration of all the same tissues as Notch
but also causes additional regeneration of muscle. To
investigate this possibility, we carried out two types of
epistasis experiment. First, we looked at the effect of
removing the tails of early stage tadpoles transgenic for
HSP70-Alk3-Crys-GFP in the presence or absence of
10 M protease inhibitor MG132. Alk3 transcription,
when activated by heat shock, leads to constitutive acti-
vation of the BMP pathway and promotes regeneration
in early tadpoles, which would not normally regenerate.
However, in the presence of 10 M MG132, the tadpoles
behave like their nontransgenic control siblings, sug-
gesting that interfering with Notch cleavage suppresses
the regenerative ability of Alk3 (Table 1C; Figures 6A–
6D). A 2 test comparing the mean regeneration scores
showed that there was no significant difference between
transgenic and wild-type animals in the presence of
MG132, confirming our interpretation.
Second, we also looked at the effect of blocking BMP
signaling at late, regenerating, stages in the presence
of an active Notch signal. This was done using double
transgenics. An RFP-tagged version of HSP70-tBr-
Crys-GFP was made and used together with HSP70-
NICD-Crys-GFP to make transgenics. Previous obser-
vations by ourselves and others suggest that two trans-
genes will be cointegrated around 95% of the time if they
are linearized with the same restriction endonuclease.
Double transgenics can be identified by virtue of eye
Figure 4. Activation of BMP or Notch Signaling Pathways during
color, as they will fluoresce amber when viewed with athe Refractory Stages Promotes Regeneration of Tail Tissues
GFP filter due to the presence of both GFP and RFP
Nontransgenic (A) and transgenic tadpole tails (C–E) shown 7 days
in the lens. Tadpoles were heat-shocked 3 hr beforeafter removal of 50% of the tail at stage 47. All tadpoles received
amputating the posterior 50% of their tails, and subse-a heat shock 3–4 hr before amputation and subsequent daily heat
shocks. quently heat-shocked every day for 7 days. Unfortu-
(A) Wild-type (WT) tadpoles as controls for transgenics. No regener- nately, the mortality of the double transgenics was very
ation of tail tissues from the stump has occurred. high, and despite using 55 stage 49	 tadpoles from five
(B) Tadpoles transgenic for the HSP70-Alk3-Crys-GFP construct separate transgenic experiments, only five survived the
can regenerate their tails completely.
regeneration period and could be scored. However,(C) Tadpoles transgenic for the HSP70-NICD-Crys-GFP construct
these few cases do show a clear difference of behaviorpartially regenerate their tails, reforming the spinal cord and noto-
chord. when compared to both the WT control tadpole group
(D) Tadpoles transgenic for the HSP70-eveMsx1-Crys-GFP con-
struct can regenerate their tails completely.
(E) Replacing eveMsx1 with the nonfunctional, N-terminal-deleted
NMsx1 in the transgene cassette abolishes regeneration ability. brown) for muscle (12/101), spinal cord (2G9), and notochord (colla-
White arrows show the level of amputation. Tails are shown in lateral gen II) in transgenic tadpoles subjected to tail amputation.
view, anterior to the left and dorsal uppermost. (I–K) Tadpoles expressing HSP70-Alk3-Crys-GFP regenerate mus-
(F–H) Analysis of Msx1 expression (blue staining) in refractory stage cle (I), spinal cord (J), and notochord (K).
tadpoles 2 days after amputation and heat shock. (L–N) Tadpoles expressing HSP70-NICD-Crys-GFP do not regenerate
(F) Msx1 is expressed in HSP70-Alk3-Crys-GFP transgenics. muscle (L), but do regenerate new spinal cord (M) and notochord (N).
(G) Msx1 is not expressed in HSP70-NICD-Crys-GFP transgenics. (O and P) Transverse histological sections. Tadpoles expressing
(H) Msx1 is not expressed in nontransgenic sibling controls. HSP70-Alk3-Crys-GFP regenerate spinal cord, myotomes, noto-
(I–N) Analysis of tissue composition of 7 day regenerates during the chord, and fin (O). Tadpoles expressing HSP70-NICD-Crys-GFP
normal refractory period. Immunohistochemical staining (black/ regenerate spinal cord, notochord, and fin, but not muscle (P).
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Figure 5. Inhibition of the BMP or Notch Signaling Pathways Prevents Tail Regeneration
Nontransgenic (A and D) and transgenic F0 tadpoles (B and C) shown 7 days after removal of the posterior 50% of the tail at stage 50/52.
(A)–(C) are viewed with both fluorescent and low incident light such that the GFP in the lens can be detected, indicating the presence of the
transgene. The tadpoles received a heat shock 3–4 hr before amputation and subsequent daily heat shocks.
(A) A wild-type (WT) tadpole can regenerate a complete tail in 7 days. White arrowheads indicate the level of amputation.
(B) Transgenic tadpole carrying the HSP70-Noggin-Crys-GFP construct. Tail regeneration was completely blocked.
(C) Transgenic tadpole carrying the HSP70-tBr-Crys-GFP construct. Tail regeneration was completely blocked.
(D) Stage 49 WT tadpole cultured in 10 M MG132 immediately after removal of the posterior half of the tail, for 7 days. Tail regeneration was
completely blocked.
(E–H) Regeneration phenotype is linked to inheritance of the transgene in F1 animals derived from crossing a male individual carrying the
HSP70-Noggin-Crys-GFP to a wild-type female. Following heat shocks and amputation, transgenic animals failed to regenerate their tails
(E) and Msx1 (blue staining) was not expressed in the stump (F). WT siblings regenerated normally (G), and expressed Msx1 in the blastema
(H). Black arrowheads in (G) and a black line in (H) mark the level of amputation.
or to tadpoles containing only the tBr transgene. The remains dormant in all vertebrates. Tail regeneration of
vertebrates occurs in lizards, urodeles, and some fishregenerates are partial, consisting of spinal cord and
notochord without muscle, and resemble the Notch- (Bernhard and Wagner, 1992; Bryant and Bellairs, 1970;
Geraudie and Singer, 1992; Iten and Bryant, 1976; San-induced regenerates in early refractory stage tadpoles
(Table 1D; Figures 6E and 6F). This suggests that the tamaria and Becerra, 1991; Simpson, 1970; Spallanzani,
1769), and has been most extensively studied in uro-situation is very similar to that in embryonic tail develop-
ment, where we have shown that Notch acts down- deles. The urodele’s extensive regenerative capability
results from ability of stump tissue underlying the woundstream of BMP in formation of the caudal neural tube
but that Notch is not required for muscle formation (Beck epidermis to dedifferentiate and reenter the cell cycle
(Brockes and Kumar, 2002; Echeverri et al., 2001; Lo etet al., 2001). Taken together, the current epistasis results
are consistent with a model where BMP signaling acts al., 1993; Tanaka et al., 1997, 1999). Our results show for
the first time, to our knowledge, that axial regenerativeupstream of Notch in spinal cord regeneration but that
regeneration of muscle requires BMP and not Notch ability in an anuran amphibian is not continuous through-
out development. Xenopus can regenerate axial tissuesignaling.
at stage 42, but from stages 45 to 47, as in higher verte-
brates, the wound heals over with “normal” epidermis,Discussion
preventing the progression of the regenerative process.
As the tadpole progresses, axial regeneration ability isStage Dependency of Axial Regeneration
reactivated with the formation of a wound epithelium,Capacity in a Vertebrate
mobilization of cells to form a regeneration bud, andWhile mammalian muscle, bone, and skin can regener-
finally, replacement of the original tissues. The behaviorate to some extent via stem cell expansion (Stocum,
of the tail can be contrasted with the behavior of the2001), the regeneration of complete appendages, tails,
limbs in Xenopus, which can regenerate during the earlyor damaged spinal cord does not take place in mam-
tadpole stages before ossification of the limb skeleton,mals. In some other animals these do occur via epimor-
but lose regenerative capacity as differentiation be-phic regeneration, examples of which can be found scat-
comes completed (Dent, 1962; Muneoka et al., 1986;tered throughout the metazoan phyla. The widespread
Overton, 1963; Wolfe et al., 2000).but patchy occurrence of epimorphic regeneration ca-
pacity suggests that this is an ancestral trait that has
been generally selected against and therefore lost re- Generation and Regeneration of the Axial Tissues
Use the Same Genetic Pathwayspeatedly during evolution (Goss, 1991; Korscheldt,
1927). If this interpretation is correct, it is likely that the Notwithstanding the fact that capacity to regenerate the
tail is reacquired postembryonically, key to the processability to regrow a limb or repair a damaged spinal cord
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In addition to demonstrating the role of BMP signaling,
we also present evidence for the role of a second path-
way, active specifically in spinal cord and notochord
regeneration. The Notch signaling pathway, among its
many other roles, drives formation of the tail spinal cord
during embryogenesis (Beck and Slack, 1999, 2002).
Here we show that Notch and its ligand, Delta, are spe-
cifically reactivated in regenerating tails and that the
Notch pathway modulator, lunatic fringe, is strongly
upregulated. The addition of an inhibitor known to sup-
press Notch cleavage and subsequent transduction of
the signal will prevent tail regeneration, and activation
of the Notch pathway during the early nonregenerating
stage is sufficient to induce regeneration of spinal cord,
notochord, and some fin, but muscle cells are either
found rarely, or not at all.
We have previously shown that, in development, BMP
signaling acts in two ways to stimulate tail growth, first
to activate the Notch pathway, necessary for generation
of the neural tube, and second, by a Notch-independent
Figure 6. Epistasis Experiments Suggest that BMP Acts Upstream mechanism to generate segmented muscle. In our epis-
of Notch in Tail Regeneration tasis experiments, a Notch inhibitor can prevent regen-
(A–D) Effect of a Notch inhibitor on BMP pathway-driven refractory eration induced by ectopic BMP signaling and a consti-
stage regeneration. Tadpoles were amputated at stage 47 and given tutive form of Notch can provoke spinal cord and
daily heat shocks for 1 week.
notochord regeneration in the absence of BMP signal-(A) Wild-type (WT) tadpoles do not regenerate at this stage.
ing. This suggests that a very similar relationship be-(B) Sibling tadpoles expressing the HSP70-Alk3-Crys-GFP regen-
tween the two pathways exists in regeneration and inerate all the tail tissues.
(C and D) Neither WT (C) nor transgenic tadpoles (D) will regenerate embryonic development. Furthermore, activation of
any tail tissue following treatment with 10 M Notch proteolysis BMP but not Notch induces expression of Msx1 in the
inhibitor MG132. regenerating tissue, suggesting that Msx1 is a specific
(E and F) Effect of combined inhibition of BMP signaling and activa-
target of BMP signaling during regeneration.tion of the Notch pathway. The tadpoles express both HSP70-tBr-
Crys-GFP and HSP70-NICD-Crys-RFP. Following amputation
after stage 50, when WT animals regenerate tails normally, these Experimental Procedures
double transgenics regenerate only notochord and spinal cord tis-
sue. No new muscle is formed. White arrowheads mark the site of Transgene Constructs
amputation in (B, E, and F). We designed a modified form of the pBSIIKS	 plasmid vector (Stra-
tagene) to enable the design and insertion of double transgenes
into the genome of Xenopus, called HGEM (heat shock green-eyed
of regeneration is the reactivation of genetic pathways monster). This contains a Xenopus HSP70 promoter (Marsh-Arm-
strong et al., 1999) upstream of a multicloning site (MCS), followedutilized during development. We have shown previously
by a 6 myc tag and SV40 poly A, and the Xenopus -crystallinthat BMP signaling is required for formation of all tail
promoter driving expression of GFP (kind gift of Rob Grainger’s lab)axial tissues during development (Beck et al., 2001).
as a visible marker for transgene insertion. The HGEM vector wasHere we show that components of this pathway are
used to make several transgene constructs used in this study (see
also specifically reexpressed during the early stages of Figure 3G) by inserting the gene to be expressed into the MCS.
regeneration and that BMP signaling is both sufficient The entire Xenopus Noggin coding region was amplified from
CSKA-Noggin (a kind gift of Betsy Pownall) using proofreading Pfuand necessary for tail regeneration in this vertebrate
polymerase (Promega) and primers to amplify amino acids 1–222model organism. We have shown that the Msx1 gene is
(5-CCCAAGCTTATGGATCATTCCCAGTGCCT-3; contains an engi-likely to be the main target of BMP signaling in this
neered HindIII site upstream of the ATG; 3-GCATGAGCATTTGcase. In limb development and regeneration it has been
CACTC-5). The product was digested with HindIII and cloned into
suggested that Msx transcription factors maintain the the HGEM vector HindIII and SmaI sites to generate a myc fusion
proliferating and undifferentiated state of the cells in the at the 3 end of Noggin. HSP70-Noggin-Crys-GFP was linearized
with NotI before use in transgenics. Dominant-negative Xenopusblastema region (Carlson et al., 1998; Koshiba et al.,
truncated BMP receptor (tBR) from pSP64T- tBR (Suzuki et al., 1994)1998). Msx expression is downregulated as limb regen-
was excised using HindIII and SmaI to include the globin 5 and 3eration progresses, and ectopic expression is also
regions, and cloned into the HindIII and StuI sites of HGEM, eliminat-known to transform mouse myotubes into mono-
ing the myc tag. HSP70-tBr-Crys-GFP was linearized with NotI
nucleate cells capable of proliferation (Odelberg et al., before use in transgenics. An RFP version of this construct was
2000) and to inhibit redifferentiation in cultured myo- also made by replacing GFP with RFP (Clontech) to make HSP70-
tBr-Crys-RFP.blasts (Song et al., 1992). Msx expression also correlates
Alk3 (Hsu et al., 1998), a constitutively active form of the BMPR-1with ear punch healing in the MRL (healer) mouse (He-
receptor (Gln 233-Asp; a kind gift of Richard Harland’s lab), wasber-Katz, 1999) and digit tip regeneration in wild-type
excised with EcoRI, XbaI (blunt filled) into EcoRI, and SmaI of HGEM.mice (Reginelli et al., 1995). Taken together, this work
HSP70-Alk3-Crys-GFP was linearized with NotI before use in trans-
suggests real potential for provoking regenerative be- genics. A truncated, inactive form of Xenopus Msx1 lacking the
havior by manipulation of the BMP pathway and its repression domain (NMsx1 in CS2	; Yamamoto et al., 2000) was
excised with HindIII and EcoRV and cloned into the HindIII and StuItargets.
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sites of HGEM to make HSP70-NMsx1-Crys-GFP. Hyperactive Regeneration Scoring
In order to discriminate between complete and partial regeneration,Msx1 (eveMsx1 in CS2	; Yamamoto et al., 2000) was cloned using
the same sites to make HSP70- eveMsx1-Crys-GFP. To activate we used a scale whereby 10 points are given for each tail in which
regeneration is complete (with respect to controls, with muscle seg-the Notch pathway, a constitutively active form of the Xenopus
Notch-1 intracellular domain in CS2	 (NICD; Coffman et al., 1993) mentation apparent), 5 points for a spike, indicating partial regenera-
tion, and 0 points for tails that fail to regenerate at all. The meanwas used. The coding region was excised with EcoRI and XbaI (filled
with klenow) and cloned into HGEM using the EcoRI and StuI sites. regeneration score was calculated from these scores, while the
percentage of regeneration was calculated by including both partialHSP70-NICD-Crys-GFP was linearized with NotI before use in
transgenics. and complete regenerates as positive. Embryos made during the
transgenic procedure, but which were negative for transgene ex-
pression, were retained as controls and were treated alongsideHistology, Marker Expression, and Immunohistochemistry
transgenics in all cases. Where clear differences were seen betweenTransverse paraffin sections through regenerating transgenic tails
the mean regeneration scores, this was shown to be highly signifi-were stained using borax carmine and picroblueblack as previously
cant using 2 tests based on the null hypothesis that regenerationdescribed (Godsave and Slack, 1988). Whole-mount in situ hybrid-
ability in experimental (transgenic) embryos is the same as in wild-ization for the tail bud markers Xbra, X-delta-1, X-Notch-1, lunatic
type controls (Table 1).fringe, BMP-4, and Msx1 has been described previously (Beck and
Slack, 1998; Beck et al., 2001; Christen and Slack, 1998). An Msx2
AcknowledgmentsEST was obtained from the UK HGMP Resource Centre. Antisense
DIG-labeled Msx2 probe was made from Image 3199584 EST cut
We would like to express our thanks to Malcolm Whitman for draw-with ClaI and transcribed with T7 RNA polymerase. For whole-mount
ing our attention to the ability of stage 42 tadpoles to regenerateimmunohistochemistry, tadpoles were fixed in Dent’s fixative (80%
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20C.
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study: N. Marsh-Armstrong, R. Grainger, M.E. Pownall, R. Harland,(Kintner and Brockes, 1984), the anti-neural monoclonal antibody
and N. Ueno. This work was supported by grants from the Wellcome2G9 (Jones and Woodland, 1989) was used for the detection of
Trust and the MRC.spinal cord, and anti-collagen II (ICN; 1/600) was used for the detec-
tion of notochord. Anti-mouse-POD IgG (Sigma) was used as sec-
ondary antibody in all cases (1/1000), and the signal was developed Received: February 10, 2003
using an enhanced DAB staining kit (Amersham). Myc staining was Revised: May 14, 2003
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